KLPH/lctl belongs to the Klotho family of proteins. Expressed sequence tag analyses unexpectedly revealed that KLPH is highly expressed in the eye lens while northern blots showed that expression is much higher in the eye than in other tissues. In situ hybridization in mouse localized mRNA to the lens, particularly in the equatorial epithelium. Immunofluorescence detected KLPH in lens epithelial cells with highest levels in the germinative/ differentiation zone. The gene for KLPH in mouse was deleted by homologous recombination. Littermate knockout (KO) and wild type (WT) mice were compared in a wide panel of pathology examinations and were all grossly normal, showing no systemic effects of the deletion. However, the lens, while superficially normal at young ages, had focusing defects and exhibited age-related cortical cataract by slit lamp examination. Wholelens imaging showed that KO mice had disorganized lens sutures, forming a loose double-y or x instead of the tight y formation of WT. RNA-seq profiles for KO and WT littermates confirmed the absence of KLPH mRNA in KO lens and also showed complete absence of transcripts for Clic5, a protein associated with cilium/basal body related auditory defects in a mouse model. Immunofluorescence of lens epithelial flat mounts showed that Clic5 localized to cilia/centrosomes. Mice mutant for Clic5 (jitterbug) also had defective sutures. These results suggest that KLPH is required for lens-specific expression of Clic5 and that Clic5 has an important role in the machinery that controls lens fiber cell extension and organization.
Introduction
The transparency and refractive properties of the eye lens depend upon the organization of highly elongated, terminally differentiated lens fiber cells (Audette et al., 2017; Dawes et al., 2014; McAvoy et al., 1999 McAvoy et al., , 2017 . Fiber cells form by differentiation of cuboidal epithelial cells at the lens equator. The lens grows throughout life, adding new layers of fiber cells. Gradients of growth factors, particularly FGF, across the lens trigger differentiation of lens epithelium at the lens equator (Dawes et al., 2014) . New fiber cells extend anteriorly with their apical tips migrating along the overlying epithelium, while the posterior ends migrate along the lens capsule (a basement membrane) (McAvoy et al., 2017) . The cells elongate tremendously, extending in both directions from their origin towards the anterior and posterior poles. In normal lens, the convergence of the fiber cells forms tight suture lines, with characteristic patterns in different mammals (Kuszak et al., 2004; Maisel et al., 1981) . Since the sutures form along the optical axis of the lens, their precise organization is important for light transmission (Kuszak et al., 2004) .
The coordinated extension of the fiber cells, with highly polarized organization of the cilium/centrosome at the apical tips of the fibers, has been described as a planar cell polarity (PCP) mechanism, involving Wnt/Frz signaling (Chen et al., 2008; McAvoy et al., 2017) . Other pathways, including signaling through Epha2, also play key roles in normal fiber cell elongation and organization (Shi et al., 2012) .
Mature lens cells and their protein components do not turn over with age. Although they are remarkably resilient, age-related cataract is a major source of vision loss in humans. Stochastic processes and the accumulation of insults from oxidation and other environmental factors contribute to aging throughout the body, but there are also genetic factors. NEIBank was a project to explore the transcriptome of eye tissues in several species (Wistow, 2006; Wistow et al., 2008) . It led to the discovery of several novel genes as well as providing expression profiles and sequence verified cDNA resources for ocular research. Expressed sequence tag analyses for lens in several species revealed novel transcripts, some highly expressed, such as those for lengsin Wyatt et al., 2006 Wyatt et al., , 2008 , and for a novel protein that was subsequently identified as KLPH (lctl) which belongs to the same superfamily as Klotho (Ito et al., 2002) .
Klotho has been a subject of intense interest in aging research, since the deletion of its gene led to a premature aging syndrome in mice (Kuro-o et al., 1997; Xu and Sun, 2015) . It is involved in kidney function, calcium homeostasis and regulation of receptors, including the FGF receptor (Chang et al., 2005; Urakawa et al., 2006) , and has also been identified as Wnt antagonist and modulator of the Wnt/β-catenin pathway (Liu et al., 2007; Wang and Sun, 2009) . Klotho is related to β-glucuronidase enzymes and the full-length protein has two glycosyl hydrolase family-1domains (Tohyama et al., 2004) . Klotho has a predicted transmembrane helix but also exists as secreted factor in serum which may be truncated to a single enzyme domain (Xu and Sun, 2015) . KLPH has sequence similarity to Klotho and the related β-Klotho, with a predicted membrane anchor and a single glycosyl hydrolase domain (Ito et al., 2002) . KLPH expression was previously noted in kidney and skin (Ito et al., 2002) , but eye expression was not examined. Here we show that KLPH is most abundantly expressed in lens and is essential for normal organization of lens fiber cells.
Methods

cDNA discovery
NEIBank procedures and analysis have been described before (Wistow, 2002 (Wistow, , 2006 Wistow et al., 2002 Wistow et al., , 2008 . Analysis of the lens transcriptome from multiple species revealed the abundant expression of a novel transcript that was subsequently identified as KLPH/lctl (Ito et al., 2002) .
Northern blot
Mouse multi-tissue (6-10wk) Northerns were purchased from Seegene Inc (Seoul, Korea). A cDNA for mouse KLPH was identified from the NEIBank collection. The insert was excised and labelled using a prime-it II kit (Stratagene systems, La Jolla, CA) and 32 P-labelled dCTP.
Northern blots were prehybridized in Hybrisol II (Oncor, Gaithersburg, MD) for 4 h, followed by hybridization with the specific radiolabelled cDNA probe at 63°C for 18 h. After hybridization, membranes were washed in 0.2X SSC, 0.1% SDS at 63°C and exposed to Kodak XAR film at −70°C.
In situ hybridization (ISH)
Frozen tissues were cut into 10 μm sections, mounted on gelatincoated slides and stored at −80°C. ISH was performed at Phylogeny Inc. (Columbus, OH). Slides were fixed in 4% formaldehyde (paraformaldehyde; Sigma Aldrich P6148) in phosphate-buffered saline (PBS), treated with triethanolamine/acetic anhydride, washed and dehydrated with an ethanol series.
A mouse clone for KLPH was identified from the NEIBank collection and a 750bp fragment of coding sequence was subcloned into pCR4 TOPO (Thermo Fisher Scientific, Waltham MA), This was used to generate sense and antisense cRNA using reagents from Ambion (Thermo Fisher) incorporating 35 S-UTP (> 1000 Ci/mmol; Amersham Bioscience, GE Healthcare, Marlborough MA). Sections were hybridized overnight at 55°C in 50% deionized formamide, 0.3 M NaCl, 20 mM Tris-HCl pH 7.4, 5 mM EDTA, 10 mM NaH2PO4, 10% dextran sulfate, 1 × Denhardt's, 50 μg/ml total yeast RNA, and 50-80,000 cpm/μl 35 Slabeled cRNA probe. The tissue was subjected to stringent washing at 65°C in 50% formamide, 2 × SSC, 10 mM DTT and washed in PBS before treatment with 20 μg/ml RNAse A at 37°C for 30 min. Following washes in 2 × SSC and 0.1 × SSC for 10 min at 37°C, the slides were dehydrated, exposed to Kodak BioMaxMR x-ray film for 4 days, then dipped in Kodak NTB nuclear track emulsion and exposed for 15 days in light-tight boxes with desiccant at 4°C. Photographic development was carried out in Kodak D-19. Slides were counterstained lightly with hematoxylin and analyzed using brightfield, darkfield and Nomarski optics. Sense control cRNA probes (identical to the mRNAs) always gave background levels of hybridization signal.
Immunochemistry
A custom peptide antibody specific for KLPH was designed. The peptide Ac-QGPSYQNDRDLVELVDPC-amide was selected and used to immunize rabbits at 21st Century Biochemicals (Marlborough MA). Rabbit polyclonal anti-Clic5 antibody was obtained from Alomone Labs (Jerusalem, Israel); mouse anti-pericentrin antibody was obtained from Abcam (Cambridge, MA); goat polyclonal anti-RabIF antibody was purchased from Sigma Aldrich.
Immunofluorescence
Mouse eyes were enucleated and fixed in 4% paraformaldehyde in PBS for 2 h, cryopreserved with 10% followed by 20% sucrose in PBS for 1 h each. After embedding in Optimal Cutting Temperature (OCT) (Tissue-Tek, Torance, CA) with appropriate orientation to allow cutting of sagittal sections, the eye was cut into frozen sections with 8-10 μm thickness. Following permeation with 0.2% Triton X-100 in PBS, the sections were blocked with ICC buffer (1× PBS with 0.2% Tween 20, 0.5% BSA, and 0.05% sodium azide) containing10% bovine serum albumin (BSA) with or without 2% cold water fish gelatin (SigmaAldrich) for 3 h at room temperature. The sections were then incubated with primary antibodies in either Signal Doctor (Solution A) (http:// www.abfrontier.com) or in ICC buffer containing 10% BSA with 2% cold water fish gelatin. After washing, the sections were labeled with dye-conjugated secondary antibodies and imaged with Olympus Fluoview 1000 confocal microscope (Olympus, Waltham, MA).
Targeted deletion of the mouse KLPH/Lctl gene
The genomic region of ∼5.5 kb with 5′ half of the mouse KLPH/Lctl locus, including part of the promoter sequence and exons 1-7, was deleted by homologous recombination in mouse germline (Thomas and Capecchi, 1987) . Briefly, a Bacteria Artificial Chromosomal (BAC) clone of SV1296 origin covering the locus of the mouse gene (RP23: purchased from BACPAC Resources, Oakland CA) was used to construct a targeting vector through ET recombination (Muyrers et al., 2004) . The targeting vector contained a left arm of 3.9 kb and a right arm of 4.5 kb with a PGK-neo cassette in the center flanked by LoxP sites. Linearized targeting vector DNA was electroporated into the mouse R1 ES cells and homologous recombination events were selected by long range genomic PCR first and confirmed with Southern blotting. The knockout allele was successfully transmitted through germline. The Neo cassette was removed with the germline Cre allele Zp3-Cre (Lewandoski et al., 1997) followed by 5 consecutive generations of crossing with the wild type C57BL6/J mice to reach near congenic state of C57BL6/J background.
Jitterbug mice
Clic5-mutant jitterbug mice (C3H/HeJ-Clic5 jbg /J) in C3H background were obtained from Dr. Mark Berryman (Ohio University Heritage College of Osteopathic Medicine, Athens, OH) and in-bred for five generations into 129S6 (Taconic, Hudson, NY).
Mouse phenotype survey
Three pairs of age matched adult female knockout (KO) and wild type (WT) mice were subjected to comprehensive standardized gross and histopathologic analyses including the analyses of organ weights, serum chemistries and hematology through the Division of Veterinary Resources, National Institutes of Health, Bethesda, MD USA.
Lens imaging
Mouse eyes were enucleated and lenses with cornea/iris attached were carefully dissected in PBS buffer maintained at 37°C by cutting along the corneo-scleral divide all around with a micro scissors. The intact lens/cornea was carefully separated from the rest of the eye and incubated in dye-free DMEM/F12 (1:1) media containing 8% fetal bovine serum and 2 μM of a fluorescent lipophilic dye FM4-64FX (Life Technologies, Carlsbad, CA) for 2 h at 37°C. The lens was placed posterior side up in the beveled center hole (1.7 mm in diameter) of a black 1-mm thick plastic washer submerged in the same media maintained at 37°C in a 60-mm Petri dish and imaged at various depth by Olympus Fluoview 1000 confocal microscope equipped with a 60× water immersion objective lens.
Through-the-lens imaging to examine focusing ability of the lens was performed as described previously (Fan et al., 2012) .
RNAseq
Lens transcriptomes of KO and WT mice were compared by RNAseq. DNA-free total RNA was prepared from a pool of lenses from 5 KO/KO or littermate WT mice, by use of PureLink RNA Mini Kit and TRIzol Reagent (Life Technologies: Thermo Fisher Scientific) and on-column DNase treatment with PureLink DNase (Life Technologies) according to manufacturer's instructions. RNA integrity was evaluated by 2100 Bioanalyzer (Agilent Technologies, Santa Clara CA) with RIN no less than 7. RNA-seq was performed by NIH Intramural Sequencing Center (NISC). One paired end index library from each polyA(+)-selected RNA samples was prepared. Six samples were pooled and loaded on 2 lanes of HiSeq 2000 Sequencer (Illumina, San Diego CA), and run as paired end index 100 base reads with a total of 40 million base read pairs per sample. Quality of RNA-seq data in FASTQ format was accessed by use of FASTQC (Babraham Institute, Cambridge UK). Differential mRNA expression between knockout mice and control mice was quantified using the Tuxedo package (i.e. the Tophat-Cufflinks pipeline) (Trapnell et al., 2012) on the NIH Biowulf high performance computing platform. Alignment was performed by use of Tophat version 2.1.1 (Bowtie2) and the mouse10 reference genome (NCBI) with standard parameters. Cufflinks version 2.2.1 was used to assemble the transcriptomes and CuffDiff was used to quantify the levels of gene expression in Reads Per Kilobase of transcript per Million mapped reads (RPKM). False discovery rate (FDR) value of less than or equal to 0.1 was used as the criteria for "significant" differentially regulated genes. Data are submitted to the GEO database with accession number GSE102987.
Western blotting
Soluble proteins from the lens were extracted using Tris-buffered saline (TBS) buffer (20 mM Tris, pH7.4, 150 mM NaCl, plus protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany)) and insoluble proteins were extracted with the RIPA buffer (50 mm Tris ⁄ HCl (pH 7.4), 150 mm NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mm EDTA and protease inhibitor cocktail) from the pellet obtained after extraction of the lens with TBS buffer. Protein concentrations were determined using the BCR Protein Assay (ThermoFisher Scientific, Waltham, MA). After SDS-electrophoresis, the proteins were transferred to poly(vinylidene difluoride) (PVDF) membrane, immuno-labeled with specific antibodies in Signal Doctor (Solution A) (http://www. abfrontier.com), followed by peroxidase-conjugated secondary antibodies (1 h at room temperature). The labeled protein was visualized by detection with enhanced chemiluminescence reagents (Pico Western Detection Kit, ThermoFisher Scientific, Waltham, MA) and x-ray film.
KLPH expression in lens epithelial flat mount
Lens epithelial flat mounts were prepared according to Sugiyama and McAvoy (2012) . After permeation with 0.2% Triton X-100 in PBS for 10 min, the lens capsule/epithelium flat mount was blocked in ICC buffer (1× PBS with 0.2% Tween 20, 0.5% BSA, and 0.05% sodium azide) containing10% bovine serum albumin (BSA) and 2% cold water fish gelatin (Sigma-Aldrich) for 3 h at room temperature. The flat mount was then incubated with anti-KLPH antibody in ICC buffer containing 10% BSA and 2% cold water fish gelatin for 16 h at 4°C. After washing, the flat mount was labeled with dye-conjugated secondary antibody and DAPI and imaged with Olympus Fluoview 1000 confocal microscope (Olympus, Waltham, MA). KLPH expression along a path across the lens epithelium flat mount was quantified with Image J software (version 1.50 g, Wayne Rasband, National Institutes of Health, USA). Equivalent signal from KO lens epithelium was used as background.
Immuno-labeling of Clic5 and cilium centrosome in lens epithelial flat mount
The lens epithelial flat mounts were prepared according to Sugiyama and McAvoy (2012) . Briefly, mouse lenses were fixed in icecold 100% methanol for 45 s and washed twice with cold PBS. The lens capsule/epithelium was removed from the lens by two fine-tipped tweezers. After permeation with 0.2% Triton X-100 in PBS for 10 min, the lens capsule/epithelium was blocked in 10% BSA in ICC buffer for 3 h. The lens capsule was labeled with anti-clic5 antibody along with other antibodies (16 h at 4°C) in the buffer Signal Doctor (Solution A) followed by dye-conjugated secondary antibodies (1 h at room temperature). The labeled protein was visualized by confocal microscopy (Olympus FluoView 1000).
2.14. Three-dimensional construction of lens epithelial flat mount z-series and cross section views Confocal z-series scan of lens epithelial flat mounts labeled with various antibodies and DAPI were obtained with Olympus Fluoview 1000 Confocal Microscope. The image sequence of the z-series scan in all channels were imported into ImageJ software and the three-dimensional view was constructed. The maximum projections of the x-z (a) and y-z (b) cross section of the three-dimensional construction of the lens epithelial flat mount were obtained by use of Volume Viewer v2.01, a plugin of ImageJ.
Lens suture imaging
Eyes were removed from mice and intact lenses were carefully isolated by making a cut through the back of the eye. Isolated lenses were suspended in PBS and the posterior sutures were imaged on a Zeiss Stemi-2000C stereo microscopy (Gottingen, Germany) with the attached Canon A640 digital camera with side illumination.
Results
KLPH transcripts in the lens
Expressed sequence tag analyses of unnormalized cDNA libraries identified a novel transcript among the 20 most highly expressed in the lens of several species; for example, ranking in 10th place for a mouse lens library (https://neibank.nei.nih.gov/cgi-bin/showDataTable.cgi? lib=NbLib0113). This transcript was subsequently identified by others as KLPH/Lctl, a member of the Klotho gene family (Ito et al., 2002) . No transcripts were seen in EST analyses of other tissues. A multi-tissue Northern blot for mouse showed much higher expression in whole eye than in other tissues (Fig. 1A) . Previous results showed expression of KLPH in kidney and skin (Ito et al., 2002) , however our results suggest that expression is much higher in lens than other tissues. After this work was completed, other authors detected higher expression level for KLPH (called γ-klotho) in lens than in other human eye tissues (Zhang et al., 2017) . In situ hybridization was used to localize expression within mouse eye (Fig. 1B) . From P1-P56, strong antisense probe labelling was detected only in lens, localized to the epithelium and the outer layers of newly extending fiber cells, with particularly strong signal in the equatorial region. No significant hybridization was apparent elsewhere in eye.
KLPH in lens
Using a custom antibody, a single protein species for KLPH was detected only in the insoluble fraction of WT lens ( Fig. 2A) . Under reducing conditions, the detected protein ran at 70 kDa, consistent with a monomer of KLPH. Under non-reducing conditions, the band shifted to dimer size of 140 kDa. This suggests that KLPH exists as a disulfide linked dimer associated with insoluble fractions, including membrane and cytoskeleton, in the lens.
Immunofluorescence labelling for KLPH showed expression throughout most of the lens epithelium, with the strongest signal in the equatorial cells, again there was no signal above background in the KO lens (Fig. 2B) . Labelling of flat mounts of complete WT lens epithelium (Fig. 2C) showed evidence for a gradient of KLPH expression, with a fairly constant level of staining in the central epithelium increasing quite sharply at the equatorial germinative zone, in which epithelial cells divide, migrate and align into columnar arrays of cells which proceed to differentiate into fibers. This difference might be attributed to the increase in thickness of the epithelium from the center to the equator, but still suggests that there is more KLPH protein in the equatorial region. 
Deletion of KLPH/Lctl
The mouse gene for KLPH/Lctl was deleted by homologous recombination in mouse ES cells (Fig. 3) . Homozygous cells were used for injection into mouse embryos and mice were screened and bred into C57Bl/6 over multiple generations to produce a uniform genetic background. Heterozygous pairs were bred to produce mixed litters to allow comparison of wild type and KO siblings. Loss of KLPH expression in the KO mice was confirmed by western blotting using a custom peptide antibody ( Fig. 2A) and also by RNAseq, as described below. The KO mice showed no obvious non-lens phenotypes and extensive pathological examination found no KO phenotype in any of the multiple tissues and organs tested, suggesting that KLPH has no essential systemic role in the mouse.
Lens phenotype
While KO lenses were normal in size and had no major opacity at young ages, slit lamp examination showed the development of cortical cataract with age ( Fig. 4A ) while photography through isolated lenses also showed defects in lens optics, with distorted image formation (Fig. 4B ). These defects worsened with age.
Lens sutures were examined by light microscope imaging of isolated lenses at 6 weeks of age (Fig. 5A ). All WT lenses at this age had clear "Y" shaped posterior sutures (n = 12). In contrast, all KO lenses had "X" or double "Y" shaped sutures (n = 12). This defect was confirmed using confocal microscopy of isolated lenses labelled with a membrane dye (Fig. 5B) . This appearance is similar to that reported for a transgenic model used to disrupt Frz pathways signaling in mouse lens which produced suture defects attributed to a dysregulation of planar cell polarity (Chen et al., 2008) , although with a more severe phenotype overall, and is also similar to defects in the Epha2 model (Shi et al., 2012) .
RNAseq and Clic5
To gain insight into the mechanism involved, RNAseq data for 6-week-old WT and KO lens were compared. Overall, there was very little differences in expression levels between WT and KO lenses: as shown in Table 1 . Indeed, the results of RNAseq profiling for the most abundant components of mouse lens match quite well to results previously obtained through EST analysis for NEIBank (Wistow, 2006) , with the crystallins and other lens-specific structural and membrane proteins. KLPH/Lctl itself appears in the 30 most abundant transcripts in the WT lens, but is absent from the KO. We also noticed that a few retina transcripts were detected in lens by RNAseq and showed differences between WT and KO. However, it is highly likely that these transcripts represent low level and variable contamination of the dissected lens with abundant photoreceptor transcripts. This sort of contamination could go either way, and needs to be considered in regard to the detection of lens-specific transcripts in retina (Kandpal et al., 2012) .
In addition to the complete loss of transcripts from KLPH/Lctl, RNAseq of the KO lens also showed the almost complete suppression of one other gene: Clic5. No other gene showed a major difference in expression. Clic5 belongs to a family of proteins originally named as intracellular chloride channels, but of diverse functions (Argenzio and Moolenaar, 2016) . Indeed, these proteins are structurally related to glutathione S-transferases and may have activity similar to glutaredoxin (Al Khamici et al., 2015) . In wild type lens, transcripts for Clic5 had a Fragments Per Kilobase of transcript per Million mapped reads (FPKM) value of 122.03 (corresponding to moderate abundance) which fell to 0.25 in the KLPH KO mouse (p value 0.00005). A spontaneous deletion mutant of Clic5, resulting in an absence of protein, produces hearing and vestibular defects in the jitterbug (jbg) mouse (Gagnon et al., 2006) and the protein is associated with stereocilia and cytoskeletal structures (Berryman and Bretscher, 2000; Salles et al., 2014) . Western blot detected Clic5 in lens fiber cells in the lens, with its strongest expression in the insoluble fractions. No Clic5 was detectable in the KO lens (Fig. 6A) .
Localization of Clic5 in the lens was challenging, however, it was detectable in flat mounts of WT mouse lens anterior epithelium peeled away from the underlying fibers, following procedures previously used to identify attached cilia/centrosomes from anterior tips of fiber cells (Chen et al., 2008) . Clic5 labelled discrete structures resembling cilia/ centrosomes which co-labelled with the cilium marker RabIF and the centrosome marker pericentrin (Fig. 6B and C) . Similar flat mounts for KLPH KO mouse lens showed no detection of Clic5 in cilim/centrosome (Fig. 6D) .
We examined the lens of jbg mice bred into the 129S6 genetic background and genotyped for Clic5 jbg/jbg (Fig. 6E) . In this background, the sutures were less easily imaged than in C57Bl/6, even in WT mice. Even so, we could see faint Y-shaped sutures in the WT lens, similar to those in Fig. 5 , which were absent in the Clic5 mutant mice. These instead showed diffuse opacities on the optical axis, instead of organized sutures. 
Discussion
Expression profiling of the lens in multiple species for NEIBank revealed the unexpectedly high abundance of transcripts for the Klothorelated Klph/lctl, which had levels comparable to some crystallins. Furthermore, although KLPH had been detected in other tissues (Ito et al., 2002) , our results suggest that it is has highly lens-preferred expression. Indeed, global deletion of the gene had no observable effects outside the lens. The high expression of KLPH in lens is even more remarkable as, unlike crystallins, it is not widely expressed throughout the lens but, by IF labelling, is instead quite tightly localized to the outermost layers of the lens, the epithelium and the superficial fibers.
The highest levels of protein appear to be in the equatorial epithelium at the germinative zone where migrating epithelial cells begin to form organized lines as they progress towards differentiation in fibers, in this region KLPH labelling is twice as high as in the central epithelium. Fiber cells arise by differentiation of precursor epithelial cells at the lens equator which undergo tremendous elongation, reaching halfway around the lens to the anterior and posterior poles where they form well-defined suture lines (Audette et al., 2017; Kuszak et al., 2004; McAvoy et al., 2017) . The mechanisms for controlling the growth and directionality of the elongating fibers are not completely understood, but this remarkable process has been described as a form of planar cell polarity (PCP), related to Wnt/Frz signaling (Chen et al., 2008) . Although the lens grows throughout life and functions well for decades in humans, age-related problems, including cataract and presbyopia are common (Glasser et al., 2001; Vrensen, 1995) . Klotho first drew attention for its role in an aging syndrome in a mouse model (Kuro-o et al., 1997) , indeed it was even referred to as an "anti-aging hormone" (Xu and Sun, 2015; Yamamoto et al., 2005) , and it has been implicated in a wide range of processes, including regulation of Wnt activity (Liu et al., 2007) . Considering its relationship with Klotho, Klph/Lctl, presented an interesting candidate for involvement in lens homeostasis and aging. In fact, deletion of Klph/Lctl does cause optical defects in mice, with subtle but important effects on lens structure throughout life that become more pronounced with age.
Deletion of Klph/Lctl results in a superficially normal, clear lens, but the lens has poor optical properties and its clarity and focusing decline with age. This is associated with defects in the organization of lens fiber cells. The cells still differentiate and elongate, but they fail to form normal tight sutures along the optical axis of the lens. Optical defects become more profound with age, possibly because of the accumulation of poorly ordered fiber cells layers.
Klotho has been shown to act as a modifier of FGF receptor function (Urakawa et al., 2006) and FGF is a key regulator of lens cell differentiation McAvoy and Chamberlain, 1989; McAvoy et al., 1999) , however a major role for KLPH in modulating FGF response in lens seems unlikely since fiber cell differentiation occurs apparently normally in the KO lens and all major transcripts of the differentiated fiber cells show normal expression. Furthermore, IF labelling for KLPH and western blots shows a mainly intracellular localization, associated with the insoluble fraction of the cytoplasm, while FGFR in lens epithelium appears to be restricted to the plasma membrane (Lee et al., 2016) .
Our results suggest that KLPH has a role in fine control of lens fiber cell organization and normal suture formation. How is this mediated? Both RNAseq and western blotting show that KLPH is required for a lens-specific mechanism for expression of Clic5 (Argenzio and Moolenaar, 2016; Berryman and Bretscher, 2000) . Indeed, no other gene seems to be significantly affected in the KO lens. Clic5, which is associated with a hearing loss model in mice, has mainly been studied in auditory hair cell stereocilia where it associates with the ERM (ezrin, radixin and moesin) complex and is required for normal PCP (Salles et al., 2014) . (ERM also has an important actin-related role in organization and maturation of lens fiber cells (Cheng et al., 2016) ). In WT lens, Clic5 is found mainly in the insoluble fraction of fiber cells, which includes cytoskeleton. IF labelling of lens epithelial flat mounts showed that Clic5 is localized to primary cilia/centrosomes, colocalized with cilium and centrosome markers RabIF and pericentrin. Examination of lenses from mice with the jitterbug Clic5 mutation bred into the 129S6 background found that they also lacked normal Y-shaped sutures and exhibited diffuse opacity on the optical axis. This is consistent with the idea that Klph is required for expression of Clic5, while Clic5 has an important role in normal fiber cell organization and suture formation, probably related to cilium/centrosome function.
Indeed, an important role for lens cilia/centrosomes has been suggested for fiber cell extension and suture formation (Chen et al., 2008) . However, a recent study has found that conditional deletion of one cilium component, IFT88, in the lens does not affect lens suture formation (Sugiyama et al., 2016) . However, since both posterior and anterior ends of the fiber cells similarly form sutures, the lack of an essential role for the full primary cilium itself, which is present only at the anterior end, is perhaps not completely surprising. It may be that the mechanism of controlled extension is propagated throughout the cell through structures, such as microtubules, that interact with the cilium/centrosomal complex and do not require the complete cilium.
While KLPH is evidently necessary for Clic5 expression, it is also possible that it could have a guidance role in fiber cell extension, signaling to the growing fibers as they extend away from the lens equator towards the poles of the lens. Klotho family proteins are related to enzymes, so perhaps KLPH could be involved in production of a diffusible metabolite that could signal to the Clic5-containing complex? While many details of the mechanisms involved remain to be determined, these results show that KLPH has a particular role in lens where it is required for expression of Clic5. Clic5 is expressed in other tissues, but, remarkably, it seems to be under tissue-specific regulation in the lens. This may reflect the highly unusual, highly organized structure of the lens which is essential for its function. These results also raise the possibility that other members of the Klotho family could have similar regulatory roles in other tissues, in addition to the diverse functions already described. 
